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Summary 
SARs are candidate DNA elements for defining the 
bases of chromatin loops and possibly for serving as 
cis elements of chromosome dynamics. SARs contain 
numerous A tracts, whose altered DNA structure is 
recognized by cooperatively interacting proteins such 
as topoisomerase II. We constructed multi-AT hook 
(MATH) proteins and demonstrate that they specifi- 
cally bind the clustered A tracts of SARs in chromatin 
and chromosomes. They are also potent inhibitors of 
chromosome assembly in mitotic Xenopus extracts, 
demonstrating the importance of SARs in this process. 
Titration of SARs with MATH20 (20 hooks) blocks 
shape determination of chromatids but not chromatin 
condensation per se. SARs are also required for shape 
maintenance of chromosomes. If MATH20 is added 
after formation of chromatids, they collapse and are 
reshaped by an active, mitotic process into spherical 
chromatid balls. 
Introduction 
The original scaffold-loop model of metaphase chromo- 
somes(Laemmli et al., 1977; Paulson and Laemmli, 1977) 
hypothesized that there were special DNA regions that 
defined the bases of chromatin loops. Scaffold-associated 
regions (SARs) were subsequently identified (Mirkovitch 
et al., 1984) as highly AT-rich regions of variable size (from 
0.6 kb to several kilobases) that were specifically bound 
by the biochemical nuclear and metaphase scaffold. 
Therefore, SARs have been proposed as candidate DNA 
elements that define chromatin loops of native chromo- 
somes and may serve as cis elements of chromosome 
dynamics (reviewed by Laemmli et al., 1992). 
SARs appear to have a dual structural and functional 
role in gene expression. SARs (sometimes called MARS, 
for matrix attachment regions) are frequently observed in 
close association with enhancer elements (Gasser and 
Laemmli, 1986; Cockerill and Garrard, 1986). In flanking 
positions, SARs stimulate expression of various heterolo- 
gous reporter genes in different biological systems when 
integrated into the genome, but not in transient assays 
(reviewed by Laemmli et al., 1992). A recent model de- 
scribes SARs as regions of chromatin that more easily 
unfold, owing to a facilitated displacement of histone Hl, 
and this may facilitate the entry of factors necessary either 
for transcription or, at mitosis, for chromosome condensa- 
tion (Zhao et al., 1993). 
The major scaffold protein Scl (Lewis and Laemmli, 
1982) which was identified as topoisomerase II (topo II) 
(Heck and Earnshaw, 1986; Gasser et al., 1986), is known 
to be required for chromosome condensation (Adachi et 
al., 1991). In vitro, topo II selectively binds and aggregates 
SARs by cooperative interactions, a property that might be 
reflective of one of the roles of this enzyme in chromosome 
structure (Sperry et al., 1989; Adachi et al., 1989). In sup- 
port of an in vivo role, SARs are prominent, although not 
unique, regions of topo II cleavage activity (reviewed by 
Poljak and Kb, 1995). Recent important papers reported 
the cloning of scaffold protein Sc2 (Saitoh et al., 1994) 
and the related proteins XCAP-C and XCAP-E, which are 
also required for chromosome condensation (Hirano and 
Mitchison, 1994). 
Taking advantage of the very high AT content of SARs, 
we have recently identified an AT-rich subregion of meta- 
phase chromosomes (called the AT queue) where SARs 
queue up as mediated by the scaffold. This structural study 
provides strong evidence that metaphase chromosomes 
are assembled according to an extended loop-scaffold 
model (Saitoh and Laemmli, 1994) and that SARs may 
play an important role in this assembly. 
The specific interaction of SARs with the nuclear scaf- 
fold is not determined by a precise base sequence, but 
by structural features, such as the narrow minor groove 
of the numerous A tracts (AT-rich sequences containing 
short homopolymeric runs) and possibly bends. The im- 
portance of the A tracts in determining the specificity of 
the SAR-scaffold interaction is based on experiments us- 
ing the minor groove-binding peptide antibiotic distamycin 
and artificial SARs (Adachi et al., 1989; Kas et al., 1989). 
Selective titration of A tracts by distamycin dissociated all 
examined SAR-protein interactions, from the cooperative 
binding of topo II and histone Hl to the specific binding 
of SARs to the entire nuclear scaffold. SARs need to have 
a certain length to exhibit a specific interaction, possibly 
because of a requirement for cooperative interactions (Ad- 
achi et al., 1989; Kas et al., 1989). 
To assess the role of SARs by in vitro assembly of chro- 
mosomes in mitotic Xenopus laevis egg extracts, we con- 
sidered two possibilities: first, interference by competition 
with added SAR or non-SAR DNA, and second, inhibition 
with artificial, super SAR-binding proteins. To address the 
first possibility, we studied the conversion of added nuclei 
to mitotic chromosomes in Xenopus egg extracts in the 
presence of an increasing concentration of SAR or non- 
SAR competitor fragments. Although SAR DNA appeared 
to be a more potent inhibitor of chromosome assembly 
(about a factor of two) as compared with non-SAR controls, 
we remained unconvinced by this difference (Y. Adachi, 
unpublished data). In contrast, the second approach, inhi- 
bition by a super SAR-binding protein, was highly success- 
Cell 
1138 
A HMG-I 
’ ? 2? 
TJ 
40 
I MSESSSKSSOPLASKPEKDGTEKR RKOPPVSPGTALVGSO 
IA K R 
4 
5? * 7? Y 90 
I KEPSEVPTPKR KGSKNKGAAKTRKTTTTPGRK KKL 
IA K ~NRD w 
1po 
I EKEEEEGISQESSEEECI 
IA 
B Multi &I-Hook: Mm 
M 5 
Leader 
MATH 102.102a 
) MATH11 
” 
Figure 1. Structure of MATH Inhibitors 
(A) The sequence of human HMG-I is shown with the three AT hooks 
(marked hooks l-3) indicated by shaded boxes. The threonineresidue, 
presumptively phosphotylated by the cdc2 kinase, is marked by a star 
and an arrow. Mutated amino acids found in human HMG-IA (IA) are 
indicated by single letters below the HMG-I sequence. 
(6) MATH protein constructs consist of reiterated parts of HMG-I or 
IA. MATH1 0 and MATH20 encompass hooks 1 and 2 (Hl, H2) repeated 
five or ten times, respectively. The 14 amino acid leader (L) sequence 
derived from the PET-3a vector is at the N-terminus of every MATH 
protein except MATH1 1. The large shaded arrow indicates one re- 
peating unit of MATH. MATHIO, for example, is composed of ten of 
these units in a head-to-tail arrangement. The single letters inside 
the shaded arrow represent the first and the last amino acid of each 
repeating MATH unit; the numbers above the amino acids correspond 
to the sequence positions of HMG-I in (A). 
ful and is the subject of this report. These experiments 
identify SARs as cis elements of chromosome conden- 
sation. 
Results 
Reiteration of the Al-Hook Domain of HMG-I/Y 
Creates a High Affinity SAR-Binding Protein 
The high mobility group proteins HMG-I and HMG-Y pref- 
erentially bind A tracts that contain six AT base pairs (Solo- 
mon et al., 1986; Reeves et al., 1987). This selective inter- 
action appears to be mediated by minor groove contacts 
of three consensus regions called AT-hooks. The back- 
bone of the proposed AT-hook peptide (TP--KRPRGR- 
PKK) has a predicted planar crescent shape that shares 
structural characteristicswith distamycin, Hoechst 33258, 
and netropsin (Reeves and Nissen, 1990). Histone Hl 
preferentially binds to SARs through highly cooperative 
interactions involving numerous A tracts (Izaurralde et al., 
1989). HMG-I and HMG-Y, like distamycin, are able to 
displace histone Hl prebound to SARs by dominant, mutu- 
ally exclusive titration of the A tracts (Zhao et al., 1993). We 
reasoned that a protein containing reiterated AT hooks, 
modeled according to HMG-IN, might yield a super SAR- 
binding protein whose interaction with several adjacent A 
tracts might interfere with chromosome dynamics. 
Figure 1 shows the protein sequence of human HMG-I 
with the three AT-hook peptides. Multi-AT hook (MATH) 
proteins were prepared with polymerase chain reaction 
(PCR) technology, head-to-tail concatenation, and expres- 
sion in Escherichia coli. The expressed proteins were iso- 
lated by acid extraction and purified by heparin chromatog- 
raphy using a linear NaCl gradient for elution. This 
separates the numerous proteolytic breakdown fragments 
from the full-length protein, which elutes last. 
We prepared MATH proteins consisting of five or ten 
repeats encompassing hooks 1 and 2 of HMG-I (Figure 
1 B); they are called MATH1 0 and MATH20, respectively 
(the number refers to the total number of AT hooks). We 
also constructed other MATH proteins containing the re- 
peat unit hook 2 (the hook type is indicated by a subscript, 
e.g., MATHlOp). In addition, we prepared mutant proteins 
derived from HMG-IA (letter a), whose alterations are indi- 
cated below the HMG-I wild-type sequence (Figure 1A). 
MATH Proteins Have a Greatly Increased Binding 
Constant for SARs 
Band-shift experiments were carried out with two end- 
labeled fragments: a 310 bp subfragment derived from 
the Drosophila melanogaster histone SAR and a 223 bp 
non-SAR control fragment derived from the SV40 pro- 
moter (see Zhao et al., 1993). Multiple protein-DNA com- 
plexes (detected as a ladder) are formed specifically on 
the SAR fragment as a function of HMG-I dose; about six 
bands (on longer gels eight) can be counted in the specific 
range reflecting the gradual titration of the clustered A 
tracts (Figure 2A, lanes l-8). Thus, six to eight HMG-I 
molecules are required to titrate the A tracts of this SAR 
subfragment. 
In contrast, the same SAR accommodates only a single 
MATH20 protein (Figure 28). The band shift shows a single 
specific complex even at the lowest concentration (0.5 ng); 
the band intensity rapidly increases with protein dose. A 
MATH20 molecule has six to seven times as many hooks 
as HMG-I (three hooks), and it takes six to seven times 
more HMG-I molecules to saturate the SAR fragment. This 
implies that MATH20 is sufficiently flexible and structurally 
large (83.6 kDa) to interact with most (if not all) A tracts 
of the SAR fragment. This simple notion predicts that two 
MATH10 molecules (half as many hooks) are required to 
titrate the SAR. Indeed, the band shift for MATH10 shows 
two complexes. An intermediate band is observed first, 
then subsequently converts in a dosage-dependent man- 
ner to the saturated complex (Figure 2C). 
The MATH20 and MATH1 0 proteins bind the SAR frag- 
ment with great specificity, since no shift of the non-SAR 
control is noted. In contrast, HMG-I starts to shift the non- 
SAR band, which contains a single A tract, at the high 
end of the protein dose even prior to the complete titration 
of the SAR (Figures 2A, 28, and 2C). This is as expected; 
these multi-hook proteins should energetically favor com- 
plexes with clustered A tracts regions. 
We determined the equilibrium binding constants of 
MATH proteins by fluorescent quenching of SAR-bound 
Hoechst (H33258) by MATH proteins; A tracts are high 
affinity binding sites for Hoechst, and inhibition thereof by 
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The 310 bp SAR subfragment (SAR), derived 
from the Drosophila histone SAR (Mirkovitch 
et al., 1994), and the 223 bp non-SAR fragment 
(SV) containing the SV40 promoter region 
(Zhao et al., 1993) were end-labeled and ana- 
lyzed by band shift with an increasing amount 
of HMG-I (A), MATH20 (B), and MATH10 (C) 
in nanograms, as indicated. 
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proteins results in a decrease in fluorescence (Suzuki, 
1989; Reeves and Nissen, 1990). The top curves of Fig- 
ures 3A and 36 show the fluorescence emission of 
Hoechst complexed to a SAR fragment at different dye 
concentrations (range, 5-50 nM). Below are the quenched 
fluorescence curves recorded at different protein concen- 
trations for HMG-I (Figure 3A) and MATH20 (Figure 38). 
Note that on a molar basis, MATH20 is a considerably 
more potent competitor for Hoechst. 
We determined the apparent dissociation constants 
(Kapps) for the different quenched fluorescence curves by 
Lineweaver-Burk plots and subsequently calculated the 
dissociation constant (Kd) from the ratio of intercept to 
slope of graphs of Kapp versus the competitor protein con- 
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Frgure 3. MATH Proteins Have a High Affrmty for SARs 
The specific binding of H33258 dye to histone SAR DNA is inhibrted 
by addition of HMG-I, and more drastically by MATH20, as shown in 
the two fluorescence quenching curves (A and B), carried out as by 
Nissen et al. (1991). The K,s (indicated) were determined from plots 
of the K,,, versus HMG-I and MATH protein concentrations (C). 
456789 
centration (Figure 3C). In close agreement with the data 
reported by Reeves and Nissen for HMG-I (1990) we mea- 
sured a Kd value of 1.69 nM for HMG-I and a remarkably 
high & of 2.6 pM for MATH20. Expectedly, a lower value 
of 18.21 pM was determined for MATHlO, containing half 
the number of hooks (Figure 3C; Table 1). Other proteins 
used in this report were similarly characterized (Table 1). 
Specific Inhibition of Chromosome Condensation 
by MATH Proteins 
Xenopus egg extracts prepared in the presence of EGTA 
convert nuclei to condensed, mitoticchromosomes (Lohka 
and Masui, 1984; Newport and Spann, 1987). Demembra- 
nated sperm nuclei first remodel their chromatin and then 
proceed quite synchronously to mitotic chromosomes 
through a number of morphologically distinguishable 
steps. This process involves the exchange of basic sperm- 
specific proteins for H2A/H2B and also incorporation of 
histone 84 (Dimitrov et al., 1994). 
Potential inhibitors were added to mitotic extracts to- 
gether with sperm nuclei, and the extent of chromosome 
condensation was then recorded, generally at 120 min. 
Although we usually record chromosome clusters, numer- 
ous individual chromatids, which are excellent indicators 
of a normal condensation process, were also observed 
at this final condensation stage. MATH20 was a potent 
inhibitor of chromosome assembly. Figure 4 shows a gal- 
lery of structures observed after 120 min at different pro- 
tein doses. We observed no significant inhibition of the 
formation of chromosome clusters and individual chromo- 
somes up to a MATH20 dose of 0.6 ng (Figures 4A-4C). 
In contrast, a 1 ng dose morphologically arrested conden- 
sation at the so-called grape stage (centers of higher chro- 
matin concentration). These grapes retained the swollen 
sperm shape, but no individual chromosomes were ob- 
served (Figure 4D). A doubling of this dose resulted in a 
very early arrest corresponding to the so-called ruffle 
stage, noticeable as peripheral blebs (ruffles) with a more 
homogeneous interior in contrast with grapes (Figure 4E). 
At 3 ng of MATH20, a complete arrest of the condensation 
pathway occurred (Figure 4F). In thiscase, sperm chroma- 
tin structures had a completely smooth morphology; they 
were swollen relative to input demembranated sperm nu- 
clei (see insert, Figure 4F) but were past the remodeling 
stage (see below). We will use the terms mitotic (or 
Cell 
1140 
Table 1. Inhibition of Chromosome Assembly by MATH Proteins 
Protein Dose (nanograms) 
Individual Chromosomes or 
Inhibitor Kd Molecular Mass Mitotic Nucler Ruffles Grapes Clusters of Chromosomes 
MATH20 2.60 63.6 3 2 1 0.6 
MATH10 16.21 42.5 24 12 6 4 
MATH1 1 14.74 46.0 24 12 6 3.5 
MATH 102 13.24 32.0 24 12 9 6 
MATH1 Oe ND 32.0 9 7 5 3 
HMG-I 1690.0 13.5 - - - 1200 
The determined K& (1 x 10m9 M) for HMG-1 and the different MATH proteins are listed as well as the calculated molecular mass in kilodaltons. 
Columns 4-7 represent the protein doses (in nanograms) that are necessary to inhibit the chromosome assembly of Xenopus sperm nuclei in a 
standard assay. The structures observed at different protein doses (ruffles, grapes, chromosome clusters, and individual chromosomes) are 
described in Figure 4. Ruffles and grapes represent early stages of chromosome assembly and contain no chromatids. HMG-1 does not inhibit 
chromosome assembly (maximum dose tested, 1200 ng). 
ND, not done 
blocked) nuclei to describe these remodeled sperm struc- the highest dose, 200 ng (Figures 41 and 4K). These results 
tures. Note that these mitotic nuclei lacked interphase nu- suggest that MATH20 inhibition is a specific process. 
clear structures such as lamina (data not shown) and, by The specificity of the inhibition is directly supported by 
inference, nucleopores. They were highly compacted as the MATH10 result. This protein, with half as many hooks, 
compared with interphase, sperm-derived nuclei. This in- has a -/-fold lower Kd (18.2 PM) on SARs than that of 
dicates that the assembly/shaping of the chromosome MATH20 (2.6 PM). If inhibition of chromosome assembly 
rather than condensation is inhibited (see below). is due to specific titration of SARs, one would expect that 
In contrast with MATH20, HMG-I has not demonstrated a proportionally higher dose is required to achieve a similar 
any inhibition up to the maximum amount tested (1200 block. This was observed precisely. While no significant 
ng). This amount corresponded to a 1200-fold mass or inhibition of chromosome formation was observed with 
a 6600 molar excess over the MATH20 dose (1 ng) that MATH10 up to 4 ng, addition of 6 ng, 12 ng, and 24 ng 
showed a very significant inhibition of the condensation resulted in a condensation block at the grape, ruffle, and 
process (Figure 4H). We also tested histone Hl , MeCP2, postremodeling nuclear stages, respectively (Table 1). In- 
and polylysine (molecular mass, 50-100 kDa) as potential eluded in Table 1 are data for MATH1 1 and MATHlOp, 
inhibitors, but have not observed any inhibition even at which have similar Kds (14.74 pM and 13.24 PM) to 
Figure 4. Chromosome Condensation Is In- 
hibited by MATH20 
The chromosome assembly process of Xeno- 
pus sperm, HeLa cell, and L-cell nuclei is inhib- 
ited in a dose-dependent manner by the vari- 
ous MATH proteins (Table 1). Shown are 
representativeexamplesofan inhibitortitration 
curve with MATH20 (A-F). The more compact 
input sperm nucleus is shown in the insert of 
(F). The completely inhibited structures are 
called mitotic nuclei (F) and the more partially 
blocked structures ruffles (E) and grapes (D). 
A number of potential inhibitors that were 
tested are also shown. All panels represent 
structures derived from sperm nuclei except 
(K) (L-cell nuclei). 
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Figure 5. MATH Specifically Interacts with SAR Chromatin 
To demonstrate selective interaction of MATH with chromatin, we used 
Drosophila chromatin, hemagglutinin (HAl)-tagged MATH1 1, and the 
magnetic, antibody-coated DYNAL beads system. The bead-bound 
Drosophila chromatin fraction (Beads) was displayed on an agarose 
gel together with the input chromatin (Total). Lanes 5-9 (A and B) 
represent a linear concentration series of the input chromatin. The 
nucleosome dimer and multimer concentration of lane 1 corresponds 
to that of lane 5 (both panels); lane 2 has twice the DNA load of lane 
1. (A) shows hybridization with the histone SAR probe, and (B), hybrid- 
ization with a non-SAR, derived from the H2A and H2B genes. 
MATH10 but a somewhat different primary structure (see 
Figure 1). Asexpected from their Kds, roughly7-fold higher 
than MATH20, a proportionally higher dose (about 24 ng 
versus 3 ng) was necessary to achieve an identical block 
of chromosome formation (Table 1). 
MATH1 1 Specifically Interacts with SAR Chromatin 
Despite the impressive K,, of the MATH proteins on SAR 
DNA, it was also important to demonstrate a selective in- 
teraction with chromatin. For that purpose, we tagged 
MATH1 1 at its N-terminus with the hemagglutinin epitope 
HA1 of the influenza virus (Field et al., 1988), to follow its 
association with chromatin. Tagged MATH1 1 was added 
to Drosophila chromatin prepared by partial micrococcal 
nuclease digestion followed by purification with magnetic 
DYNAL beads precoated with anti-HA1 monoclonal anti- 
body. About 30/o-4% of the total chromatin is retained on 
the separated, washed magnetic beads. The isolated DNA 
was displayed on an agarose gel together with a concen- 
tration series from the input (total) chromatin and then 
hybridized with SAR and non-SAR probes. 
To allow a direct comparison of the hybridization sig- 
nals, the lowest input DNA (Figure 5, lane 5, both panels) 
and the lowest bead DNA concentrations (lanes 1 and 3, 
both panels) were identical as established by staining the 
gel with ethidium bromide (data not shown). This only ap- 
plies to nuclesome multimers; mononucleosomes are de- 
pleted in the bead-associated chromatin, supposedly ow- 
ing to an incomplete accommodation of the 11 AT hooks 
(MATH1 1) on a single monomer. 
The autoradiogram demonstrated directly a preferential 
interaction of MATH11 with SAR chromatin. Figure 5A 
shows the hybridization signal probed with the histone 
SAR. A clear enrichment in the bead-associated DNA can 
be noted, particularly for the trimer and tetramer band. 
The factor of enrichment for the nucleosome trimers and 
tetramers is about 5-fold, as it is necessary to overload 
the input DNA by that factor to achieve a similar signal 
(compare lanes 1 and 9). The relative enrichment for 
nucleosome dimers is lower (about 2- to 3-fold). Suppos- 
edly, MATH1 1 makes energetically more favorable con- 
tacts with trimers and tetramers by accommodating all 11 
hooks. Also, the probability of encompassing the entire 
histone SAR of 656 bp increases with chromatin size. 
Figure 5Bshows the hybridization signal with a non-SAR 
probe derived from the H2A and H2B genes, which flank 
the intergenic histone SARs. No enrichment of the non- 
SAR signal is observed in the bead-associated DNA (com- 
pare lanes 1 and 3 with lane 5 of Figure 5B). Theoretically, 
one would expect a depleted signal in the bead DNA frac- 
tion, but the bead procedure does not quantitatively bind 
and remove SARs from the input chromatin (data not 
shown). However, the significant enrichment of the SAR 
signal in the bead-associated DNA demonstrated a selec- 
tive interaction of MATH1 1 with SAR chromatin. We have 
examined the bead-bound chromatin biochemically and 
observed a standard core histone composition (data not 
shown). We have also probed these chromatin fractions 
with the SAR-like satellite Ill DNA (Kas and Laemmli, 1992) 
and observed a similar selective enrichment for this re- 
peated DNA in the bead-bound fraction (data not shown). 
MATH Does Not Interfere with Chromatin Remodeling 
Do MATH inhibitors allow normal remodeling of the input 
sperm nuclei and incorporation of chromosomal proteins? 
Figure 6 shows the SDS-polyacrylamide gel electrophore- 
sis (PAGE) pattern of the isolated chromosomes/nuclei 
as obtained with several MATH20 inhibitor concentrations 
(see Figure 4). In this scaled-up biochemical experiment, 
we observed complete inhibition of mitotic condensation 
at a MATH20 concentration of 125 ng. But comparison of 
the protein pattern of the mitotic chromosomes (Figure 
6, lane 3, no inhibitor) with that of the blocked nuclei 
showed no difference (lanes 4-7), despite an 8-fold excess 
of inhibitor (highest inhibitor dose, 1000 ng). A number of 
known chromosomal proteins are absent in input sperm 
nuclei (see lane 1 of Figure 4A) but were identified in mi- 
totic nuclei by immunoblotting (Figure 48). These include 
the following proteins implicated in condensation topo II 
(Adachi et al., 1991), XCAP-C and XCAP-E (Hirano and 
Mitchison, 1994), and the linker histone 84 (Dimitrov et 
al., 1994). Clearly, chromatin remodeling, incorporation of 
H2A, H2B, 84, and HMG-2, and the uptake of the scaffold- 
ing proteins(topo II, XCAP proteins) appear normal. More- 
over, although we cannot rule out subtle biochemical dif- 
ferences between blocked mitotic nuclei (lanes 4-7) and 
assembled chromosomes (lane 3), their general protein 
pattern appears undisturbed. 
The MATH20 inhibitor (83.6 kDa) loaded at different 
doses (lanes 8-10) and the chromatin-bound portion 
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MATH20 (rig) mosomes Appears Unaltered by MATH20, 
While Added SAR DNA Displaces MATH20 
Isolated chromosomes and mitotic nuclei were 
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(A) shows the stained SDS gel pattern of input 
as sperm nuclei (SP, lane l), mock-isolated chro- 
mosomes (EX, lane 2) and isolated mitotic 
Blot structures (lanes 3-7) obtained with different 
MATH20 doses, as indicated. The purified, in- 
C put MATH20 doses used are shown in lanes 
input X’s bound 6-10. The chromosome-bound inhibitor can be 
, 8 
am SAR + + - - 
noted as a smear (phosphorylation) above the 
nonSAR - - + + unphosphorylated input band of MATH20 
MATH20 
B&v- \sa,~~so@so~ (ng) 
(compare lanes 6-10 with lanes 4-7). The first 
three dots from the top in (A), lane 7, point to 
the three scaffolding proteins topo II, XCAP-C, 
*r- -1 and XCAP-E. In (B), the last dot indicates the 
phosphorylated MATH20. 
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(C) Derepression experiment. The fractional 
amount of chromosome-bound MATH20 was 
Coomassie Coomassie determined for different input doses (indicated) 
by acid extraction of isolated chromosomes 
and dephosphorylation by alkaline phosphatase (lanes 4-l 1). The input amount of MATH20 is shown in lanes l-3. This panel shows the displacement 
of chromosome-bound MATH20 by the histone SAR (2 pg), which was added to the extract at 0 min (lane 6) or at 10 min (lane 9) past initiation 
of the assembly reaction. Displacement of chromosome-bound MATH20 was not observed by competition with a non-SAR (2 pg, EcoRI-Sall) 
fragment derived from pK40 (Zhao et al., 1993) added at 0 (lane 10) or 10 min (lane 11) into the reaction, 
thereof are converted into a slower migrating smear (lane 
7). This migration behavior is due to phosphorylation of 
the cdc2 phosphokinase consensus sequence (indicated 
by a star in Figure 1) as demonstrated for HMG-I (Nissen 
et al., 1991). Our resultsshowed that inhibition by MATH20 
was not due to interference of the mitotic cycling-depen- 
dent phosphokinase. First, by using a large excess of 
MATH20 or HMG-I, we observed no inhibition of 64 and 
H2A phosphorylation (data not shown). Second, a 3600- 
fold molar excess of HMG-I, which has the same cdc2 
kinase consensus as MATH20, was completely ineffective 
as an inhibitor. Third, mutant proteins and MATHIOZa, 
which remain unphosphorylated owing to mutated con- 
sensus sequences (data not shown), are very effective 
inhibitors of chromosome formation (see Table 1). The 
high inhibitor potency of MATHIOpa may be due to its un- 
phosphorylated state, as it was previously demonstrated 
that cdc2 kinase-phosphorylated HMG-I has a strongly 
reduced binding affinity for A tracts. 
The gel patterns of Figure 6A also serve as a visual 
indicator of the astonishing inhibitor potency of MATHPO. 
The lowest input dose (125 ng) of MATH20, which is suffi- 
cient for inhibition of the maturation pathway but barely 
visible by staining (lane 4), is less abundant by mass in 
comparison with topo II and XCAP-E. It is about as abun- 
dant as XCAP-C. 
Using a mixture of SAR and non-SAR plasmids, we have 
also examined chromatin assembly by an assay that mea- 
sures supercoiling (Goto and Wang, 1982). Using selec- 
tive hybridization to distinguish either plasmid, we ob- 
served no inhibition of chromatinization by an excess of 
MATH20 or HMG-I (data not shown). 
In summary, mitotic phosphorylation, chromatin assem- 
bly, sperm remodeling, and biochemical maturation as de- 
termined by detectable proteins were all normal in the 
presence of MATHPO. Of course, we cannot rule out that 
minor protein components are displaced by MATH20. 
These observations and the low inhibitor dose, about one 
molecule per 12-l 5 kb (see Discussion), strongly support 
the view that inhibition of chromosome assembly by MATH 
proteins occurs by a specific mechanism, titration of SARs. 
MATH20 and Somatic Nuclei: Late Addition Leads to 
Reshaped, Spherical Chromosomes 
The experiments discussed above were carried out with 
demembranated sperm nuclei, which required chromatin 
remodeling prior to chromosome formation. To extend 
these studies to somatic cell nuclei and to study the time- 
effect of the inhibitor, we performed a series of experi- 
ments with L-cell nuclei. Figure 7A shows in frame 1 the 
input L-cell nuclei; the nuclei displayed a relatively tex- 
tured interior with intensely staining nucleoli. These nuclei 
were efficiently converted in the mitotic egg extract to 
structures consisting of mixtures of extended chromatid 
fibers and typical X-shaped chromosomes (about 5%; 
frame 2). Consistent with the higher DNA content of the 
diploid somatic nuclei, titration experimentsdemonstrated 
that complete inhibition of chromosome formation oc- 
curred with 5 ng of MATH20 (frame 3). 
The blocked mitotic nuclei have an interesting morphol- 
ogy. They consist of a ring-shaped peripheral layer of 
highly condensed (bright) chromatin surrounding a central 
cavity of much lower DNA concentration. This cavity is 
thought to arise from the disassembly of the nucleoli in 
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Frgure 7. Late Addition of MATH20 Leads to Formation of Chromatid Balls, Whrle SAR and Homopolymeric dA.dT Derepress the MATH20 lnhibrtron 
(A) Late addition: collapse of the scaffold and controls. Input L-cell nuclei shown in frame 1 were assembled to mitotic chromattds (120 min, frame 
2). This condensatron process is completely inhibited by addition of 5 ng of MATH20 (frame 3). Late addition of 5 ng of MATH20 (90 min) after 
assembly of chromatids leads to the formation of chromatid balls (frame 4). This reshaping requires an active mitotic extract and is repressed by 
the concomitant addition of MATH20 (5 ng) and 5 mM AMP-PNP at 90 mm (frame 5). AMP-PNP added 10 min into the assembly reaction inhibits 
the condensation of chromosomes (frame 6). Late addition of 5 ng of MATH20 (90 min) to L-cell nuclei in interphase HSS extract has no effect 
on the appearance of nuclei (frames 7 and 6). The same observation is made in heat-inactivated extract (frames 9 and 10). 
(6) Derepression: chromosome assembly was inhibited with 5 ng of MATH20. This inhibition can be averted by the addition of SAR DNA (150 
ng) or homopolymeric dA.dT (30 ng), added at 0 min (frames 2 and 5) or at IO min (frames 3 and 6), respectively. Derepression of assembly IS 
not observed with the nor&AR DNA (150 ng, frame 1) used in Figure 6 or the alternatrng dA-dT polymer (30 ng, frame 4), added at 0 min 
mitotic extract (Figure 7A, frame 3). The highly condensed 
peripheral ring suggests that MATH20 is blocking the as- 
sembly of chromosomes into chromatids rather than the 
general process of chromatin condensation. Conse- 
quently, it was of interest to add MATH20 at different times 
following initiation of the assembly reaction. In a series of 
experiments, we observed that early addition of MATH20 
(up to 20 min) resulted in the accumulation of the typical 
ring-shaped mitotic nuclei just described. Most interest- 
ingly, addition of MATH20 after formation of chromatids 
lead to the appearance of supercompacted spherical parti- 
cles (chromatid balls). These particles are shown in Figure 
7A, frame 4, where MATH20 was added at 90 min and 
samples were examined at 120 min. Chromatid balls are 
thought to arise from single chromatids, as they appear 
concomitantly with the presence of chromatids, at the time 
of MATH20 addition. MATH-induced chromatid balls are 
also observed with sperm nuclei. 
Formation of chromatid balls is an active process requir- 
ing ATP hydrolysis and a mitotic extract. Addition of the 
nonhydrolyzable ATP analog AMP-PNP (5 or 10 mM at 
10 min) inactivates mitotic extracts. Thus, disassembly 
of the nucleolus, the formation of chromosomes, and the 
appearance of condensed chromatin are prevented (Fig- 
ure 7A, frame 6). AMP-PNP also blocks the formation 
of the ring-shaped, condensed chromatin layer observed 
with mitotic nuclei that is induced by early addition of 
MATH20 (data not shown). Similarly, MATH20 added to- 
gether with AMP-PNP postchromatid formation (90 min) 
inhibited their conversion to the chromatid balls (compare 
frames 4 and 5). 
Formation of the condensed layer of chromatin (mitotic 
nuclei) requires an active mitotic extract and is not due 
to a nonspecific chromatin precipitation. Indeed, incuba- 
tion of nuclei in an interphase extract or in heat-inactivated 
extract for 120 min with MATH20 (5 ng) did not result in 
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alteration of the nuclear morphology as compared with 
controls (Figure 7A, frames 7, 8, 9, and 10). 
In summary, MATH20 inhibits formation of chromatids 
and induces the reshaping of preexisting chromatids to 
chromatid balls; i.e., misdirected chromatin condensation 
occurs. Both processes require ATP and a mitotically ac- 
tive extract. 
MATH-Induced Mitotic Nuclei Can Be Averted 
Specifically by Adding SAR or 
the dA*dT Homopolymer 
Despite the highly specific interaction of MATH proteins 
with both SAR DNA (see Figure 2B) and chromatin (see 
Figure 4), it was of importance to demonstrate their 
involvement in egg extracts directly. We argued that it 
might be possible to prevent the inhibitory block of 
MATH20 by addition of competitor SAR DNA (not with 
no&AR DNA) to the egg extract. In the particular experi- 
ment shown, we blocked condensation of L-cell nuclei with 
MATH20 (5 ng) and added to the reactions either isolated 
SAR or non-SAR DNA at 0, 10, or 20 min; then the assem- 
bly reaction was evaluated at 120 min. Strikingly, no dere- 
pression of ring-shaped mitotic nuclei was observed with 
added nortSAR DNA (Figure 78, frame 1); in contrast, a 
remarkable extent of chromosome assembly occurred in 
the presence of SAR DNA (frames 2 and 3). The chromo- 
somes that accumulated following derepression were mor- 
phologically less homogeneous than controls. Although it 
was possible to observe a large number of chromatids of 
normal width, we also noted thinner, shorter-than-normal 
chromatids (chromosome fragments), which appeared to 
be more fragile. But clearly, the SAR-derepressed chromo- 
somes were past the ruffle and grape stages as shown 
above (see Figure 4), with only the final condensation step 
(thickening chromatids) somewhat impaired. 
We next demonstrated that derepression was brought 
about bythe biochemical displacement of the bound inhibi- 
tor. We acid extracted isolated chromosomes and treated 
this material with alkaline phosphatase, since phosphory- 
lated MATH20 runs as a smear and is difficult to quantitate 
(see Figure 6A, lane 7). The fraction of inhibitor bound 
to isolated chromatin material is presented in Figure 6C. 
Roughly 20%-30% of the input MATH20 is chromosome- 
bound. This number is needed for stoichiometric consider- 
ations (see Discussion). Addition of SAR DNA resulted in 
displacement of MATH20 from chromosomes, while addi- 
tion of non-SAR DNA did not (compare lanes 10 and 11 
with lane 5 of Figure 6C). Complete loss of MATH20 oc- 
curred when SAR competitor was added at 0 or 10 min 
into the reaction (lanes 8 and 9). 
Previous biochemical studies aimed at elucidating the 
dominant DNA structural features of SARs highlighted the 
importance of the numerous short, homopolymeric A 
tracts (K&s et al., 1989). Consequently, it was of interest 
to test simple duplex polymers as competitors. In accor- 
dance with the previous biochemical experiments, we ob- 
served efficient derepression when homopolymeric dA*dT 
was added either 0 or 10 min into the reaction (Figure 78, 
frames 5 and 6). This homopolymer is, on the basis of 
mass, more efficient than SARs (30 ng versus 150 ng). 
In contrast, the alternating dA-dT polymer (frame 4) and 
homopolymeric dG*dC (data not shown) are ineffective 
as derepressors. 
These experiments directly identify SARs as the target 
of MATH20 in mitotic extracts, and they identify A tracts 
as a dominant structural feature thereof. 
Discussion 
SARs Are Fuzzy DNA Elements 
SARs are fuzzy DNA elements defined, at least in part, 
by a variable number of clustered, irregularly spaced A 
tracts. To overcome the obvious limitation of molecular 
genetics in studying SAR function, we synthesized several 
artificial inhibitor proteins we have called MATHS. These 
inhibitorsare derivativesof HMG-I andconsist of reiterated 
AT-hook DNA-binding domains (Figure 1). AT hooks are 
proposed to contact the A tracts in the DNA minor groove 
(Reeves and Nissen, 1990). The peptide spacers between 
the three AT-hooks of HMG-I are 25-32 amino acids long 
and are predicted by computer to have an extended sec- 
ondary structure. We preserved these spacer regions in 
the MATH constructs to allow a presumptive induced fit 
on differently spaced, clustered A tracts. As expected, 
MATH proteins interacted with great specificity with the 
clustered A tracts of SAR DNA and chromatin, and they 
blocked chromosome assembly of sperm and somatic nu- 
clei in mitotic extracts. All the data presented support the 
notion of a specific SAR-related inhibitory mechanism. 
Stoichiometry of Inhibition 
Stoichiometric considerations of the MATH inhibitor reac- 
tion are impressive. The potency of the MATH inhibitors 
is apparent by comparison of band-shift and chromosome 
assembly experiments. The former contains as competitor 
50 ng of salmon sperm DNA, the latter about 36 ng of 
Xenopus sperm DNA. We observed that the concentration 
dose of MATH20 necessary to shift the SAR band signifi- 
cantly (1 ng) or completely (2.5 ng, Figure 28) also is 
enough to inhibit chromosome assembly significantly (1 
ng) or completely (3 ng, Figure 4). This observation also 
extends to MATH10 and MATH1 1. A 7- to 8-fold higher 
dose is necessary in this case, either to occupy the SAR 
completely(lO-25 ng, Figure2C) or to inhibit chromosome 
assembly completely (Table 1). The higher MATHlO/ll 
concentrations required correlate with the 7-fold higher 
dissociation constant of MATH10 as compared with that 
of MATH20 (Table 1). These considerations, together with 
the lack of shift of the non-SAR DNA, inspire confidence 
that MATH proteins are targeted to SARs in egg extracts. 
It would be of interest to test the Drosophila Dl protein 
as an inhibitor, as it is a natural protein with seven potential 
AT hooks (Ashley et al., 1989). 
The various control inhibitor studies (histone Hl, 
MeCP*, HMG-I) appear superfluous in light of these stoi- 
chiometric considerations, but the lack of interference by 
200 ng (Figure 4) and 400 ng (data not shown) of polylysine 
(50-100 kDa) is noteworthy. This large molar excess of 
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lysine over DNA phosphate leads to DNA aggregation, as 
manifested by retention of DNA probes in the well in our 
standard band-shift experiment (data not shown). The in- 
sensitivity of the chromosome assembly reaction toward 
polylysine, despite its preference for AT-rich DNA and the 
high dose (Clark and Felsenfeld, 1971) is probably due 
to an excess of nonspecific binding sites in the egg extract 
(e.g., tRNA or nucleoplasmin). 
About 200/o-30% of the input MATH20 dose is recov- 
ered on the isolated, blocked mitotic nuclei (Figure 6C). 
At a dose of 1 ng, which is a strong inhibitor, this corre- 
sponds to about one molecule bound per 12-l 5 kb of DNA. 
We assume that two or three molecules per SAR are 
enough to inhibit and to occupy an attached fragment ev- 
ery 24 to 45 kb. This roughly corresponds to the size of 
the SAR-defined DNA loops of histone-depleted nuclei 
(Laemmli et al., 1977). Interestingly, we estimated asimilar 
amount of topo II in the assembled chromosomes (about 
one dimer per lo-15 kb). As a testable hypothesis, 
MATH20 might inhibit by blocking topo II action at SARs. 
Note that our experiments do not address the distribution 
mode of the MATH protein along the genome. These ex- 
periments underscore the remarkably specific inhibitory 
effect of MATH. 
MATH Specificity 
The magnetic bead (Figure 5) and thederepression experi- 
ments (Figures 6C and 7B) demonstrate a specific inter- 
action of the MATH inhibitors with SARs, packaged into 
either chromatin or chromosomes. The derepression ex- 
periment shows that it is possible to cause specific dis- 
placement of prebound MATH20 by SAR (not non-SAR) 
DNA, as examined biochemically (Figure 6C) or function- 
ally by chromosome assembly (Figure 7B). Not surpris- 
ingly, the rescued chromosomes appear more frail and 
fragmented than the controls, although many normal chro- 
matids are observed. This is supposedly due to titration 
of structural components necessary for more complete 
chromosomal assembly, in addition to MATH20. The dere- 
pression experiments discussed above also rule out the 
possibility that MATH20 inhibits by inactivating a factor 
X rather than by titration of SARs; if the inhibitor were 
complexed to X and not SARs, then addition of extra SAR 
DNA would not dissociate this complex. In conclusion, 
MATH20 must be SAR-bound in mitotic extracts. 
These derepression experiments also identify, in line 
with previous biochemical binding studies carried out with 
artificial SARs (Kas et al., 1989; unpublished data), the 
homo- and not the alternating AT-polymer as an efficient 
antirepressor of MATH20. Note that SARs do not consist 
of pure homopolymeric A tracts, but such stretches, em- 
bedded in the generally AT-rich SAR, are an important 
structural feature implicated in SAR specificity. The se- 
quence preference of SAR-binding proteins may be akin 
to that of AT-selective minor groove-binding ligands; dis- 
tamycin, netropsin, Hoechst 33258, and berenil also have 
a higher affinity for homopolymeric A tracts than for alter- 
nating AT polymers (Abu-Daya et al., 1995). 
Shape Determination and Structural Support, 
Scaffolding, Is Blocked, Not Condensation 
of Chromatin 
The MATH-induced mitotic structures have a similar de- 
gree of chromatin compaction as do normal chromo- 
somes, as judged by confocal microscopy. This is best 
noted by comparing input L-cell nuclei with the corre- 
sponding mitotic structures (Figure 7) but it is also evident 
if the sperm-derived mitotic and interphase nuclei are com- 
pared. The latter have a much larger volume, are generally 
round, and contain an irregular, less compacted chromatin 
interior (see Figure 7A; Adachi and Laemmli, 1992). In 
the presence of MATH20, misguided mitotic condensation 
occurs. 
The role of SARs in chromosome shaping and the ongo- 
ing condensation in the presence of the inhibitor are dra- 
matically shown by the late addition experiments (Figure 
7A); MATH20 added after formation of mitotic chromatids 
(90 min) reshapes these elongated structures into very 
bright chromatid balls. This restructuring to chromatid 
balls is not observed if AMP-PNP and MATH20 are added 
together. This ATP analog converts topo II into a molecular 
clamp (Rota and Wang, 1992) that may prevent reshaping 
by fixing chromosome structure, although other ATP- 
dependent steps of condensation may also be affected. 
Furthermore, nuclei exposed to MATH20 at 90 min in an 
interphase or heat-inactivated extract show unaltered mor- 
phology rather than mitotic-like compacted chromatin (Fig- 
ure 7A). Hence, the mitotic-like compacted chromatin ob- 
tained is not a MATH-induced precipitation event but is 
an active mitotic process. 
Critical Test of the Scaffold Model 
The scaffold model proposes that scaffolding proteins, 
attached at the bases (SARs) of the chromatin loops, drive 
condensation either by dynamic (contractile?) changes of 
preexisting cross-ties or by de novo formation thereof 
(Laemmli et al., 1977). We originally chose the term scaf- 
folding rather than, e.g., core or skeleton to encompass, 
implicitly and speculatively, several options. As opposed 
to a core, a scaffolding can be anywhere in the structure, 
e.g., central or throughout. As opposed to a skeleton, a 
scaffolding or its subcomponents may have a temporary 
shape-determining role during assembly, later becoming 
structurally dispensable (e.g., as in phage head assem- 
bly). These considerations are pointed out here, since 
some confusion exists in the literature. 
The experiments reported here test the scaffold model 
in general and, more specifically, address the role of SARs 
in mediating shape determination and shape mainte- 
nance. In line with the model, titration of the SARs with 
a sterically blocking inhibitor prevented the orderly shape 
determination of chromosomes. Invasive occupation of 
SARs after late addition of MATH20 resulted in reshaped, 
collapsed mitotic chromosomes, implying that SAR- 
mediated interactions are also needed to maintain chro- 
mosomal shape. The data clearly establish that the MATH 
proteins are SAR-bound, thus demonstrating the crucial 
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role played by SARs in mediating scaffold interactions dur- 
ing chromosome assembly. 
In the presence of MATH, chromatin of input nuclei con- 
denses but does not resolve into chromosomes. This mis- 
guided condensation must be due to disruption of the 
normal SAR-mediated polymerization process of chromo- 
some assembly. Supposedly, MATH displaces scaffold 
proteins to non-SAR locations, leading to inappropriate 
cross-tie formation. These illegitimate, compacting cross- 
ties may exist as both intra- and interchromosomal con- 
tacts, resulting in the observed restrained structure, 
blocked mitotic nuclei. 
The reshaping/collapsing phenomenon of longitudinal 
chromatids into chromatid balls demonstrates that SAR- 
mediated interactions are also required for structural sta- 
bility in mitotic extracts. This is an active mitotic process 
that may be the result of structural collapse and unre- 
strained maximization of illegitimate cross-ties, after dis- 
placement of shape-maintaining proteins from SARs by 
MATHPO. In the presence of MATHPO, chromosomes ap- 
pear to behave as flexible polymers that contain dispersed 
self-aggregating regions along their lengths. Such a poly- 
mer, we guess, would aggregate into a ball with a central 
core and peripheral loops. It will be of interest to study 
chromatid balls structurally and the active processes in- 
volved. Note that MATH20 added to isolated chromo- 
somes does not alter their structure. 
The experiments reported here identify SARs as cis ele- 
ments implicated in chromosome shape determination 
and shape maintenance. MATH proteins may serve as 
valuable tools to address the molecular mechanisms of 
the mediator proteins of these events. 
Perspective 
Using the novel approach of constructing artificial inhibi- 
tors composed of reiterated DNA-binding sites targeted 
to fuzzy subelements, we have functionally defined a DNA 
element involved in chromosome structure. This approach 
may be useful to address the function of other DNA ele- 
ments that escape a more standard molecular genetic ap- 
proach. Of course such inhibitors, if active in vivo, may 
allow a genetic approach. The approach taken here could 
be extended to drug design. Many DNA-binding drugs in- 
teract with DNA with a sequence preference that is gener- 
ally not specific enough to allow precise targeting to the 
DNA. We propose that specific targeting to an essential, 
fuzzy DNA element could be achieved by the approach 
described here of covalently linking drugs by an appro- 
priate spacer either in a serial or parallel arrangement. 
Experimental Procedures 
DNA and Purification of MATH Proteins 
PET-3b plasmids containing the human HMG-I and HMG-IA mutant 
were provided by E. KBs and E. Gonzalez (unpublished data). These 
plasmids were used to prepare the reiterated MATH genes by PCR 
amplification using BamHI-Bglll primers. The 5’ and 3’ primers used 
for MATH10 and 20 are as follows: 5’-ATG GGA TCC AGT GAG TCG 
AGC TCG AAG TCC-3’ (number 4) and 5’ AGA AGA TCT TCC GTT 
lTT GCT TCC CTT TGG TCG-3’ (number 2). Those for MATHlO, are 
primer number 2 and 5’-ATG GGA TCC CAG AAG GAG CCC AGC 
GAA GTG-3’ (number l), and for MATHlO*., primer number I and 
5’-AGA AGA TCT TCC GTT TTT CCT TCC ATT TGG TCG-3’ (number 
3). The amplified products were subcloned into the pUCI9 derivative 
for sequencing. 
To generate MATH protein, the BamHI-Bglll amplification products 
were up-ligated in the presence of BamHl and Bglll and cloned into 
the vector pET9a and expressed in the E. coli strain BL21(DES)pLysE 
(Studier et al., 1990). MATH11 was prepared by repeat cloning of a 
Smal-BamHI fragment into the Smal site of the PET-3b-HMG-I clone, 
resulting in a translation product as indicated. 
The influenza hemagglutinin (HAl)-tagged HMG-I and MATH1 1 
clones were prepared by insertion of an appropriate Ndel-Ndel oligo- 
nucleotide (Field et al., 1988) into the Ndel site of the vector PET-3b 
containing the HMG-I or MATH1 I. 
Recombinant MATH proteins were purified as follows. Pellets of 
induced bacteria were resuspended in a phosphate-buffered saline 
solution containing 0.1% Triton X-100, 1 mM benzamidine, 25 mM 
DTT, and 1 mM PMSF. After adding perchloric acid (PCA) to a final 
concentration of 5%, the mixture was incubated at 4OC for 30 min. 
Acid-insoluble proteins were pelleted from the extract and the re- 
maining soluble proteins precipitated from the extract by adding 100% 
trichloroacetic acid (TCA) to 30% final concentration. These proteins 
were resuspended with 0.3 M HCI and 6 vol of acetone, collected by 
centrifugation, washed with AET buffer (70% acetone, 20% ethanol, 
and 5 mM Tris-HCI [pH 7.5]), and resuspended in water. The MATH 
proteins were further purified by fast protein liquid chromatography 
using a Heparin ultrogel (IBF-A4R) column. The full-length MATH pro- 
teins were eluted at a flow rate of 0.5 mllmin with 50 mM KPO, (pH 
7.4) and 1.2 M NaCI. Fractions (1 ml) were collected and analyzed by 
SDS-PAGE (Laemmli, 1970). Peak fractions were TCA-precipitated, 
washed, resuspended in water, and stored at -7OOC. Protein concen- 
trations were estimated by SDS-PAGE, with BSA as reference. 
DNA Binding and Derepression Assay 
The plasmid K38 (Zhao et al., 1993) used in the band-shift experiments 
consists of the 857 bp Drosophila histone SAR (Mirkovitch et al., 1984) 
linked to an SV40 promoter-containing fragment. pK38 was digested 
with BamHI. end-labeled, and digested with Clal and Ncol to generate 
a 310 bp SAR fragment and a 223 bp non-SAR fragment (SV) con- 
taining the SV40 promoter region (Figure 2). DNA binding was per- 
formed in 10 mM Tris-HCI (pH 7.4), 50 mM NaCI. 1 mM EDTA, 5% 
glycerol, and 50 ng of sonicated salmon sperm DNA according to the 
protocol of Zhao et al. (1993). The isolated EcoRI-BamHI histone SAR 
(657 bp) and EcoRI-Sall nor&AR (700 bp) fragment used in the dere- 
pression experiment (Figure 7) were derived from pK38 and pK40, 
respectively. 
Preparation of Xenopus Egg Extracts 
Xenopus females were primed and ovulation was induced as de- 
scribed (Murray, 1991). Mitoticand interphase high speed supernatant 
(HSS) extracts were prepared according to the protocols of Adachi et 
al. (1991) and Adachi and Laemmli (1992). Heat-inactivated extracts 
(80°C, 5 min) were clarified in a microfuge. 
Preparation of Nuclei and Chromatin 
Demembranated Xenopus sperm nuclei were prepared as described 
(Lohka and Masui, 1984). HeLa cell nuclei, mouse L-cell nuclei, and 
Kc-cell nuclei were prepared according to the protocols of Mirkovitch 
et al. (1984). Chicken erythrocyte nuclei were prepared as described 
(Reitman and Felsenfeld, 1990). Chromatin of Kc-cell and HeLa-cell 
nuclei were described previously (Zhao et al., 1993). 
HAl-tagged MATH1 1 protein was added to Kc chromatin in buffer 
1 (10 mM HEPES-NaOH [pH 7.51, 200 mM NaCI, 1 mM EDTA, 5% 
glycerol, 0.1% digitonin, and 0.01% BSA); following a 15 min incuba- 
tion period, magnetic Dynabeads (DYNAL) precoated with anti-HA1 
antibodies were added and incubation continued for 4 hr at 4OC. The 
beads were washed two times with buffer 1 and once with buffer 1 
containing only 5 mM NaCI. The DNA was isolated from the beads 
by standard methodology, analyzed on an agarose gel, transferred 
to nitrocellulose membrane, and hybridized with labeled probes as 
indicated in Figure 5. 
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Chromosome Assembly Reaction 
Chromosome condensation experiments using Xenopus mitotic ex- 
tractswere performed according to the protocols of Adachi et al. (1991) 
with 1 x lo4 nuclei per 10 pi of mitotic extract. The reactions were 
observed and recorded with an MRC-600 confocal microscope (Bio- 
Rad). Standard biochemical assembly reactions and isolation of chro- 
mosomes (Figure 6) from 100 ul of mitotic extracts were performed 
as described by Hirano and Mitchison (1994) with some modifications 
(unpublished data). Isolated mitotic structures were PCA-extracted as 
described above (Figure 6C). The isolated proteins were treated with 
20 U of calf intestinal phosphatase (CIP; EIA grade) for 15 min at 30% 
Other Methods 
DNA manipulations were according to standard laboratory procedures 
(Sambrook et al., 1989). Western blotting was done according to the 
protocolsof Harlow and Lane (1988), with alkaline phosphatase-conju- 
gated secondary antibodies. 
Acknowledgments 
We are grateful to A. Bird for providing the GST-MeCP2 protein, to T. 
Hirano for the anti-XCAP-C and anti-XCAP-E antibodies, to E. Nigg 
for the anti-Lamin 82 antibody, to A. P. Wolffe for the anti-B4 antibody, 
and to T. Kreis for the anti-HA1 antibody-producing cell line. We are 
indebted to Dr. Y. Adachi for preliminary experiments and to Dr. E. 
Kls and F. Duval for cloning the MATHll. We would like to thank 
Drs. C. Hart and P. Broeker for critical comments on the manuscript 
and T. Durussel-Jost for excellent technical help, and N. Roggli for 
preparation of the figures. This work was supported by the Swiss Na- 
tronal Fund and by the Canton of Geneva. 
Recerved August 4, 1995; revised October 16, 1995. 
References 
Abu-Daya, A., Brown, P.M., and Fox. K.R. (1995). DNA sequence pref- 
erences of several AT-selective minor groove binding ligands. Nucl. 
Acids Res. 23, 33853392. 
Adachr, Y., and Laemmlr, U.K (1992). Identification of nuclear pre- 
replrcation centers poised for DNA synthesis in Xenopus egg extracts: 
immunolocalization study of replication protein A. J. Cell Biol. 719, 
1-15. 
Adachr, Y., Kas, E., and Laemmli, U.K. (1989). Preferenttal, coopera- 
tive binding of DNA topoisomerase II to scaffold-associated regions. 
EMBO J 13, 3997-4006. 
Adachi, Y., Luke, M., and Laemmli, U.K. (1991). Chromosome assem- 
bly rn vitro: topoisomerase II is required for condensation. Cell 64. 
137-148. 
Ashley, C.T., Pendleton, C.G., Jennings, W.W., Saxena, A., and 
Glover. C.V.C. (1989). Isolation and sequencing of cDNA clones en- 
coding Drosophila chromosomal protein Dl. J. Biol. Chem. 264,8394- 
8401. 
Clark, R.J.. and Felsenfeld, G. (1971). Structure of chromatin. Nature 
New Biol. 229, 101-106. 
Cockerill, P.N., and Garrard, W.T. (1986). Chromosomal loop anchor- 
age of the K immunoglobulin gene occurs next to the enhancer in a 
region containmg topoisomerase II sites. Cell 44, 273-282. 
Dimitrov, S., Dasso. M.C., and Wolffe, A.P. (1994). Remodeling sperm 
chromatin rn Xenopus laevis egg extracts: the role of core histone 
phosphorylatron and linker hrstone 84 in chromatin assembly. J. Cell 
Biol. 726. 591-601. 
Field. J., Nrkawa, J.I., Broek, D., MacDonald, 8.. Rodgers, L., Wilson, 
LA., Lerner, R.A.. and Wigler, M. (1988). Purification of a RAS- 
responsive adenylyl cyclase complex from Saccharomyces cerevisiae 
by use of an epitope addition method. Mol. Cell. Biol. 8, 2159-2165 
Gasser, S.M., and Laemmli, U.K. (1986). Cohabitation of scaffold bind- 
ing regions with upstream/enhancer elements of three developmen- 
tally regulated genes of D. melanogaster. Cell 46, 521-530. 
Gasser. S.M., Laroche,T.. Falquet, J., BoydelaTour. E.,and Laemmli, 
U K. (1986). Metaphase chromosome structure: involvement of topo- 
isomerase II. J. Mol. Biol. 188, 613-629. 
Goto. T., and Wang, J.C. (1982). Yeast DNA topoisomerase II. J. Biol. 
Chem. 257, 5866-5872. 
Harlow, E., and Lane, D. (1988). Antibodies: A Laboratory Manual 
(Cold Spring Harbor, New York: Cold Spring Harbor Laboratory Press). 
Heck, M.M.S., and Earnshaw, W.C. (1986). Topoisomerase II: a spe- 
cific marker for cell proliferation. J. Cell Biol. 703, 2589-2581. 
Hirano, T., and Mrtchison, T.J. (1994). A heterodimeric coiled-coil pro- 
tein required for mitotic chromosome condensation in vitro. Cell 79, 
449-458. 
Izaurralde. E., Kas, E., and Laemmli, U.K. (1989). Highly preferential 
nucleation of histone Hl assembly on scaffold-associated region se- 
quences. J. Mol. Biol. 210, 573-585. 
Kas, E., and Laemmli, U.K. (1992). In vivo topoisomerase II cleavage 
of the Drosophila histone and satellite Ill repeats: DNA sequence and 
structural characteristics. EMBO J. II, 705-716. 
Kas, E., Izaurralde, E.. and Laemmli, U.K. (1989). Specific inhibition 
of DNA binding to nuclear scaffolds and histone Hl by distamycin: 
the role of oligo(dA).oligo(dT) tracts. J. Mol. Biol. 210, 587-599. 
Laemmli, U.K. (1970). Cleavage of structural proteins during the as- 
sembly of the head of bacteriophage T4. Nature 227, 680-685. 
Laemmli, U.K.,Cheng, S.M.,Adolph, K.W., Paulson, J.R., Brown,J.A., 
and Baumbach, W.R. (1977). Metaphase chromosome structure: the 
role of nonhistone proteins. Cold Spring Harbor Symp. Quant. Biol. 
42, 351-360. 
Laemmli, U.K., Kas, E., Poljak, L., and Adachi, Y. (1992). Scaffold- 
associated regrons: cis-acting determinants of chromatin structural 
loops and functronal domains. Curr. Opin. Genet. Dev. 2, 275-285. 
Lewis, C.D., and Laemmli, U.K. (1982). Higherorder metaphase chro- 
mosome structure: evidence for metalloprotein Interactions. Cell 29. 
171-181. 
Lohka, M.J., and Masur, Y. (1984). Roles of cytosol and cytoplasmrc 
particles in nuclear envelope assembly and sperm pronuclear forma- 
tion in cell-free preparation from amphibian eggs. J. Cell Biol. 98. 122- 
1230. 
Mirkovitch, J., Mirault, M.-E., and Laemmli, U.K. (1984). Orgamzation 
of the higher-order chromatin loop: specific DNA attachment sites on 
nuclear scaffold. Cell 39, 223-232. 
Murray, A. (1991). Cell cycle extracts. Meth. Cell Biol. 36. 581-605. 
Newport, J., and Spann, T. (1987). Disassembly of the nucleus In 
mitotlc extracts: membrane vesicularrzation, lamin disassembly, and 
chromosome condensation are Independent processes. Cell 48,219- 
230. 
Nissen, M.S., Langan, T.A., and Reeves, R. (1991). Phosphorylabon 
by cdc2 kinase modulates DNA binding activity of high mobility group 
I nonhistone chromatin protern. J. Biol Chem. 266, 19945-19952. 
Paulson, J.R., and Laemmlr, U.K. (1977). The structure of histone- 
depleted metaphase chromosomes. Cell 72, 817-828. 
Poljak, L., and Kas, E. (1995). Resolving the role of topoisomerase II 
in chromatin structure and function. Trends Cell Biol. 5, 348-354. 
Reeves, R., and Nissen, M.S. (1990). The A-T-DNA-brnding domain 
of mammalran high mobility group I chromosomal proteins. J. Brol 
Chem. 265, 8573-8582. 
Reeves, R., Elton, T.S., Nrssen, M.S., Lehn. D.. and Johnson, K.R. 
(1987). Posttranscnptional gene regulation and specific binding of the 
nonhistone protein HMG-I by the 3’ untranslated region of bovme in- 
terleukin 2 cDNA. Proc. Natl. Acad. Sci. USA 84, 6531-6535. 
Rertman, M.. and Felsenfeld. G. (1990). Developmental regulatron of 
topoisomerase II sites and DNase l-hypersensitive sites rn the chicken 
b-globrn locus Mol. Cell Biol. 70, 2774-2786. 
Rota, J., and Wang, J C. (1992). The capture of a DNA double helrx 
by an ATP-dependent protern clamp: a key step in DNA transport by 
type II DNA topoisomerases. Cell 77. 833-840. 
Saitoh, N.. Goldberg. I.G.. Wood, E.R., and Earnshaw, W.C. (1994). 
SCII: an abundant chromosome scaffold protein is a member of a 
family of putative ATPase with unusual predicted tertiary structure. J. 
Cell Biol. 127. 303-318. 
Cell 
1148 
Saitoh, Y., and Laemmli, U.K. (1994). Metaphase chromosome struc- 
ture: bands arise from a differential folding path of the highly AT-rich 
scaffold. Cell 76, 609-622. 
Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Clon- 
ing: A Laboratory Manual, Second Edition (Cold Spring Harbor, New 
York: Cold Spring Harbor Laboratory Press). 
Solomon, M.J., Strauss, F., and Varshavsky, A. (1986). A mammalian 
high mobility group protein recognizes any stretch of six A.T base 
pairs in duplex DNA. Proc. Natl. Acad. Sci. USA 83, 1276-1280. 
Sperry, A.O., Blasquez, V.C., and Garrard, W.T. (1989). Dysfunction 
of chromosomal loop attachment sites: illegitimate recombination 
linked to matrix association regions and topoisomerase II. Proc. Natl. 
Acad. Sci. USA 86, 5497-5501. 
Studier, F.W., Rosenberg,A.H., Dunn, J.J., and Dubendorff, J. (1990). 
Use of T7 polymerase to direct expression of cloned genes. Meth. 
Enzymol. 185, 60-89. 
Suzuki, M. (1989). SPKK, a new acid-binding unit of protein found in 
histone. EMBO J. 8, 797-804. 
Zhao, K., Kas, E., Gonzalez, E., and Laemmli. U.K. (1993). SAR- 
dependent mobilization of histone Hl by HMG-I/Y in vitro: HMG-I/Y 
is enriched in Hl-depleted chromatin. EMBO J. 72, 3237-3247. 
